Abstract Bovine lactoferrin inhibits the clearance of remnant lipoproteins from the plasma and competes with the cell-surface binding of apolipoprotein (apo) E-enriched remnants. We established that lactoferrin inhibits remnant binding and uptake by interacting with both heparan sulfate proteoglycans (HSPG) and the low-density lipoprotein receptorrelated protein (LRP). The binding of 125 I-lactoferrin was inhibited 45% to 60% in HepG2 hepatocytes and wild-type Chinese hamster ovary (CHO) cells treated with heparinase to remove HSPG. In mutant CHO cells (pgsD-677) lacking HSPG, the level of 123 I-lactoferrin binding was <=50% that seen with wild-type CHO cells; thus, about one half of lactoferrin binding appears to be mediated through cell-surface HSPG. A significant fraction of the residual binding of the lactoferrin appears to be mediated through the LRP. The 39-kd protein known to bind to the LRP and to block ligand interaction inhibited 123 I-lactoferrin degradation in wild-type CHO cells by 60% to 65%. The addition of the 39-kd protein plus heparinase treatment reduced the binding by 85% to 90% (this combination blocks direct interaction with both the LRP and T he intravenous injection of bovine lactoferrin in rats partially inhibits the clearance of chylomicron remnants by 50%' to 75%. 2 Furthermore, the decreased clearance caused by lactoferrin appears to be secondary to the inhibition of uptake specifically by hepatocytes in the rat liver. 24 On ligand blots, lactoferrin binds to the low-density lipoprotein (LDL) receptor-related protein (LRP), a receptor that appears to participate in remnant lipoprotein uptake. 5 Furthermore, lactoferrin blocks the uptake of apolipoprotein (apo) E-enriched /3-very-low-density lipoproteins O-VLDL) by human fibroblasts lacking LDL receptors. 5 In addition, lactoferrin partially inhibits the uptake of /3-VLDL with lipoprotein lipase but does not interfere with the uptake of a 2 -macroglobulin or tissue plasminogen activator, 5 all known to be ligands for the LRP. The precise mechanisms whereby lactoferrin in- 
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The apoE-enriched /3-VLDL display enhanced binding and uptake by a variety of cells in culture, 69 including fibroblasts lacking LDL receptors, compared with £-VLDL without the addition of exogenous apoE. The postulated mechanism for the enhanced binding and uptake includes at least two steps: initial binding of the apoE-enriched remnants to heparan sulfate proteogrycans (HSPG) followed by uptake presumably mediated either by the LRP after transfer of the remnants to this receptor or by an HSPG-LRP complex. Therefore, consideration was given to the possibility that lactoferrin inhibits remnant lipoprotein binding and uptake by interacting with cell-surface HSPG. Lactoferrin, a 76-kd glycoprotein, contains a cluster of four arginine residues that resemble the receptor-binding domain of apoE. 10 The present study demonstrated that lactoferrin binds to HSPG as well as to the LRP and suggests that the inhibition of plasma clearance of chylomicron remnants may be due to interference with the initial phase of remnant clearance, ie, the sequestration of apoE-enriched remnants in the space of Disse by HSPG interaction. S]Na 2 SO 4 (250 ^tCi IP), and their livers were removed 2 hours later and homogenized. The liver matrix HSPG were extracted with 2 mol/L NaCl and isolated on a Q Sepharose column (Pharmacia LKB). The 35 S-labeled proteoglycans were eluted from the column by using a 0.2 to 1.0 mol/L NaCl gradient.
Cultured Cells
Mutant pgsD-677 CHO cells (A/-acetylglucosamine transferase-and glucuronic acid transferase-deficient) were provided by Dr J.D. Esko (University of Alabama, Birmingham). This strain does not produce HSPG but synthesizes chondroitin sulfate.
14 ThepgsD-677 and wild-type CHO cells were grown in F12 medium containing 7.5% fetal bovine serum (FBS). Human hepatoma (HepG2) cells were maintained in minimal essential medium (MEM) containing 10% FBS, 1% human nonessential amino acids, and 1% sodium pyruvate. The LDL receptor-negative fibroblasts, which were obtained from a person with familial hypercholesterolemia (FH), were purchased from Coriell Cell Repositories and grown in MEM containing 20% FBS, 1% MEM amino acid, and 1% sodium pyruvate. At 48 hours prior to each experiment, the medium in which the HepG2 cells and FH fibroblasts were grown was changed from MEM with 10% FBS to MEM with 10% human lipoprotein-deficient serum. I-labeled ligand and competitor at 4°C for 3 hours. After incubation the cultured cells were washed six times and dissolved in 0.1N NaOH, and their radioactivity and protein concentration were determined. 15 Proteolytic degradation of the 12! I-lactoferrin in CHO cells was performed at 37°C for 5 hours, and the degradation products in the medium were assayed.
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Ligand Blotting Assay
Partially purified rat liver LRP*- 16 and HSPG 8 were separated on 3% to 8% or 3% to 20% sodium dodecyl sulfate (SDS)-polyacrylamide gels and then transferred to Immobilon P membranes (Millipore Corp). 16 The membranes were cut into strips and incubated in 50 mmol/L Tris, pH 7.7, containing 15 mmol/L Nad, 2 mmol/L CaCl 2 , and 50 mg/mL bovine serum albumin (BSA) (buffer 1) for 1 hour at room temperature. The strips were then placed in 25 mL buffer 1 containing either 50 or 100 U/mL heparinase at 37°C for 2 hours. The strips were then used for either biotin-labeled 0-VLDL+apoE or 123 I-lactoferrin studies, and 0-VLDL+apoE blotting was performed. 16 Strips for 123 Ilactoferrin blotting were washed quickly two times and then four times for 15 minutes with 50 mmol/L Tris, pH 8, containing 2 mmol/L Caa 2 , 80 mmol/L NaCl, 50 mg/dL BSA, and 0.1% Triton X-100 (buffer 2). Each strip was incubated with 125 Ilactoferrin in buffer (5 il%/mL) at room temperature for 1 hour. Finally, the strips were washed, dried, and subjected to autoradiography. 
Dot Blot
Results
Lactoferrin competes with
125 I-£-VLDL+human apoE3 for binding to HepG2 cells (Fig 1A) . Approximately 75% of the binding was inhibited at a concentration of 40 fig/mL lactoferrin, and 90% was inhibited at 100 fig/mL lactoferrin. Likewise, lactoferrin inhibited the binding of 125 I-£-VLDL+apoE to FH fibroblasts (=85% at 40 Mg/mL) ( Fig IB) . These results are consistent with those of Willnow et al, 5 who have demonstrated that lactoferrin is an excellent competitor for apoE-enriched 0-VLDL. On the other hand, lactoferrin (100 ^.g/mL) did not decrease the binding of 125 I-/3-VLDL without added apoE to HepG2 cells. We have shown that the enhanced binding of apoE3-enriched /3-VLDL is primarily mediated by cell-surface HSPG, that heparinase treatment of cultured cells inhibits the binding of apoE-enriched /3-VLDL by more than 80%, and that mutant CHO cells (pgsD-677) lacking HSPG do not display an enhanced binding of apoE-enriched £-VLDL. 8 Therefore, consideration was given to the possibility that lactoferrin competes with apoE-enriched /3-VLDL for binding by interacting with HSPG and presumably also with the LRP.
To examine in more detail the inhibition of apoEenriched 0-VLDL binding by lactoferrin, competitive binding studies (4°C) were performed in wild-type CHO cells and mutant CHO cells lacking HSPG by using ferrin inhibited 125 I-/3-VLDL+apoE binding to wildtype CHO cells by =80% but had much less effect on the binding of 125 I-£-VLDL without added apoE («10% to 15% inhibition) (Fig 2A) . On the other hand, lactoferrin was not an effective competitor against either 0-VLDL or apoE-enriched /3-VLDL in the mutant CHO cells lacking HSPG (Fig 2B) . We have shown 8 that the enhanced binding of apoE-enriched /3-VLDL to wild-type CHO cells is largely inhibited by heparinase treatment, which removes the HSPG, and that the binding to mutant CHO cells is primarily mediated by LDL receptors, even though these cells possess functional LRP. 18 These results suggest that lactoferrin competes with apoE-enriched 0-VLDL in the wild-type CHO cells by interfering with the binding of the remnants to the HSPG; however, in the cells lacking HSPG, lactoferrin does not significantly compete for the low level of enhanced binding of the apoE-enriched 0-VLDL.
Direct binding studies of 125 I-lactoferrin were undertaken in HepG2 and CHO cells to establish the importance of HSPG binding. Approximately 45% to 60% of the lactoferrin binding to the HepG2 and wild-type CHO cells could be inhibited by heparinase treatment of the cells (3 U/mL at 37°C for 2 hours), suggesting that this level of lactoferrin binding was to HSPG (Fig 3) . In addition, the mutant CHO (pgsD-677) cells lacking HSPG bound much less 125 I-lactoferrin than did the wild-type CHO cells, and the residual binding to these cells was not affected by heparinase treatment (Fig 3) . The binding in the absence of HSPG may represent the amount of lactoferrin bound directly to the LRP.
Since it appeared that in the HepG2 and CHO cells =50% of the lactoferrin binding was to HSPG and since apoE-enriched /3-VLDL binds primarily to cell-surface HSPG, it was of interest to determine whether increasing concentrations of unlabeled ^-VLDL or ^-VLDL enriched in apoE could compete with IB I-lactoferrin for 4°C binding. About 40% of the 125 I-lactoferrin could be displaced from HepG2 cells at the highest concentration of apoE-enriched /3-VLDL used in these studies (Fig 4A) , but /3-VLDL without added apoE, which does not to bind to HSPG, 8 ther suggests that /3-VLDL enriched in apoE does not bind directly (at least to a large extent) to the LRP on the surface of these cells in the absence of HSPG.
Lactofemn binds to the LRP on ligand blots, 5 and we confirmed that it binds to partially purified LRP transferred to nitrocellulose membranes following SDSpolyacrylamide gel electrophoresis (Fig 5, lane 1) . Heparinase treatment of the blot (50 U/mL at 37°C for 2 hours) had no effect on 125 I-lactoferrin binding to the LRP band (lane 2). The LRP band was identified by its apparent molecular weight by using markers and by its binding of biotin-labeled apoE-enriched /3-VLDL or the 125 I-39-kd protein. Furthermore, it was established that 35 S-labeled rat liver matrix proteoglycans bound I23 Ilactoferrin and that this binding could be abolished by treatment with heparinase (not shown). The proteoglycans in this latter study were transferred to nitrocellulose membranes following SDS-polyacrylamide gel electrophoresis. In an additional experiment, rat liver matrix proteoglycans were applied directly to nitrocellulose membranes and shown to bind 125 I-lactoferrin (Fig 6) . Heparinase treatment of the HSPG dot blot abolished almost all the 123 I-lactoferrin binding (Fig 6,  lane 2, row b) .
To determine whether the binding of I25 I-lactoferrin to HSPG was involved in its uptake and degradation, 12i I-lactoferrin was incubated with wild-type CHO cells or with CHO cells lacking HSPG at 37°C for 5 hours, and degradation was determined by measuring the free iodine generated. Heparinase treatment of the wildtype CHO cells decreased lactofemn degradation by =45% (Fig 7) . By comparison, the degradation of I25 I-lactoferrin by the untreated pgsB-677 mutant CHO cells was decreased =60% compared with the results seen in the wild-type CHO cells, and heparinase treatment had no significant effect on the degradation in the mutant cells. These results are similar to those described for the binding of lactofemn to the CHO cells (Fig 3) . Therefore, a deficiency of HSPG created by heparinase treatment or by a mutation leading to an absence of HSPG inhibits lactofemn uptake and degradation by 45% to 60% (Table) .
The 39-kd protein associated with the LRP has been shown to compete with all the ligands for the LRP and to inhibit the degradation of lactofemn by cultured cells. 5 Therefore, as shown in Fig 7 and the Table, the 39-kd protein was used to determine its effect on 125 I-lactoferrin degradation in the CHO cells. The degradation was decreased =60% to 65% in the wild-type CHO cells by the addition of 60 jtg of the 39-kd protein/mL. The combination of heparinase treatment and the 39-kd protein further inhibited the degradation of the lactoferrin in the wild-type CHO cells by =85%. In additional studies using higher concentrations of the 39-kd protein alone (up to 100 /ig/mL), it was possible to decrease the degradation of l-lactoferrin bound to the LRP without and with heparinase pretreatmerrt (50 U/mL, 37°C, 2 hours), respectively. addition of the 39-kd protein inhibited this degradation by =60%. As would be expected in the cells lacking HSPG, the combination of heparinase treatment and the 39-kd protein did not further decrease degradation of lactoferrin over the results with the 39-kd protein alone. Therefore, these data and results from other studies ( Table) suggest that the 39-kd protein competed with the LRP-mediated uptake of the lactoferrin in the pgsD-677 mutant CHO cells since no HSPG was present to mediate binding and uptake. The residual binding of the lactoferrin may reflect incomplete competition by the 39-kd protein or the presence of an additional site on the cell surface that is responsible for interacting with the lactoferrin. However, the marked decrease in lactoferrin uptake and degradation by the 39-kd protein in the wild-type CHO cells suggested that the 39-kd protein inhibited interaction of the lactoferrin with both HSPG and the LRP.
To determine whether the 123 I-39-kd protein bound directly to cell-surface HSPG, its binding to wild-type and mutant CHO cells was investigated with and with- out heparinase treatment of the cells. Heparinase treatment of wild-type CHO cells caused a 40% decrease in the binding of the 125 I-39-kd protein; however, the mutant CHO cells bound significantly less 125 I-39-kd protein compared with the wild-type CHO cells, and heparinase treatment had no effect on this level of binding (Fig 8) . From these studies we conclude that the 39-kd protein binds to HSPG and that it could inhibit lactoferrin binding by interacting with both HSPG and the LRP.
Discussion
The inhibition of plasma clearance of apoE-enriched remnant lipoproteins by lactoferrin could be mediated by its ability to bind to cell-surface HSPG as well as by its direct interaction with the LRP. Remnant clearance and uptake by the liver appear to involve several steps. First, the initial, rapid clearance of remnants from the plasma involves a sequestration of these lipoproteins within the space of Disse, presumably through binding to HSPG. ApoE secreted by the hepatocytes would be available to enrich the remnants with this apolipoprotein and to mediate the enhanced binding to HSPG. Second, the remnants may be further processed by Upases in the space of Disse that are also likely bound to HSPG (hepatic lipase) or carried into this space in complex with the lipoprotein particles (lipoprotein lipase Lactoferrin was shown to bind to the rat liver LRP, confirming a previous observation, 5 and to matrix HSPG isolated from the rat liver. Lactoferrin avidly competed with apoE-enriched /J-VLDL in HepG2 and CHO cells. In addition, 35 report that the 39-kd protein binds to two distinct sites on human fibroblasts with high and low binding affinities. However, they did not find significant binding of the 39-kd protein to cell-surface HSPG. 35 Heparinase or sodium chlorate treatment did not significantly decrease the binding of the 39-kd protein to fibroblasts. These results differ from ours using CHO cells. The reason for this apparent discrepancy may relate to the specific cells studied (fibroblasts versus CHO cells) and may be explained on the basis of the specific types of HSPG displayed on the surface of the various cell types. This remains to be determined.
These studies further substantiate the conclusion that the enhanced binding of apoE-enriched /3-VLDL to cells in culture is mediated primarily through an interaction with cell-surface HSPG, with very little direct binding to the LRP. Iodinated lactofemn appeared to bind directly to the LRP of mutant CHO cells lacking HSPG and could not be displaced even with high concentrations of apoE-enriched /3-VLDL. This suggests that apoE-enriched 0-VLDL do not interact significantly with the LRP on the surface of cells in the absence of HSPG (although apoE-enriched /3-VLDL clearly bind directly to the LRP on ligand blots). 6 Alternatively, it is possible that lactoferrin has a higher affinity than do apoE-enriched /3-VLDL for the LRP or that lactoferrin binds to a different site on the LRP of the mutant CHO cells. However, this latter suggestion is inconsistent with previous results demonstrating that lactoferrin inhibits cholesteryl ester biosynthesis induced by apoE-enriched /3-VLDL in fibroblasts lacking LDL receptors, 5 reflecting an inhibition of uptake of the lipoproteins by the LRP. It appears that cell-surface HSPG may be required to allow the transfer of apoEenriched remnants to the LRP for internalization or that HSPG and the LRP form a complex that is necessary for uptake of the remnants. Interaction of apoE-enriched remnants with HSPG may facilitate their access to the LRP and allow remnant binding to the LRP to occur on the cell surface. On the other hand, lactoferrin appears to interact directly with HSPG and the LRP, and thus can inhibit the metabolism of remnant lipoproteins by preventing the sequestration phase of clearance (HSPG binding) or the subsequent transfer of the remnants to the LRP.
